Abstract Technical development work is presented, where the VUV photochemically induced oxidative degradation is used: (i) for analytic purposes, and (ii) for small to medium scale (< 10 m2/d) waste water treatment processes or ultrapure water production. In the first case, small Xe-excimer radiation sources with an integrated reaction space designed for optimal conditions, as far as incident photon flux density, turbulence and concentration of dissolved molecular oxygen are concerned, have been built and tested. Under conditions of exhaustive oxidation and/or mineralization of pollutants in a continuous regime, they may be used for sample pre-treatment modules prior TOC, TOX and electrochemical trace metal analysis. Under conditions of partial oxidation or mineralization, the same lamp/reactor combination may be used for functionalization purposes prior to e.g. GC or HPLC analyses. In the second case, mass transfer limitations between the non-irradiated bulk volume and the irradiated volume are overcome by the electrochemical generation of molecular oxygen within or close to the irradiated volume and by the design of the photochemical part of the reactor.
Introduction

VUV photochemistry
Vacuum ultraviolet (VUV) photochemistry, using either Hg low pressure arcs in a synthetic quartz envelope (λ exc = 185 nm) or Xenon excimer radiation sources (λ exc = 172 nm), will find interesting technical applications in domains as different as the treatment of polluted gases and waters, the production of ultrapure gases and water, the elimination of organic material from inorganic (e.g. metal, semiconductor) surfaces, the chemical transformation (functionalization) of organic materials (plastics, fibers) and the production of simple highly reactive molecules. It might also be used for sterilizing purposes in air-conditioning systems of hospitals, office buildings etc.
The present work is focused on the application of VUV photochemistry to the treatment of polluted gases and waters (Braun, 1989) and to the production of ultrapure gases and water. In both cases, powerful oxidants are produced which initiate a chain reaction of thermal oxidation reactions which may lead to an exhaustive oxidation or mineralization of pollutants.
In condensed aqueous systems, the photolysis of water
is dominant due to the high absorption cross-section of the solvent. Reaction (1) yields hydroxyl radicals which react with organic substrates by hydrogen abstraction (reaction (2)), electrophilic addition to π-systems or electron transfer reactions. C-centred radicals add molecular oxygen (reaction (3)), and the generated peroxyl radicals are the first in this sequence which exhibit sufficiently long lifetimes to diffuse into the non-irradiated bulk phase of the reaction system. (Legrini et al., 1993) .
In addition, atomic hydrogen generated in reaction (1) is, under air saturation of the condensed aqueous phase, quantitatively trapped by dissolved molecular oxygen (reaction (4)), and the contribution of the evolving hydroperoxyl radical, which might also diffuse into the non-irradiated bulk phase, to the overall oxidative (and reductive) manifolds is at present under investigation.
Oxidative degradation processes in air might be initiated either by the photolysis of molecular oxygen (reactions (5) and (6)) and/or by the photolysis of added water (reaction (1)) vapor. Depending on the wavelength of excitation, the photolysis of molecular oxygen is yielding two oxygen atoms in their triplet state (reaction (5)) or oxygen atoms in their singlet and triplet states (reaction (6)) (Gassiot Pintori, 2001 ). These two atomic species exhibit different chemical reactivities: O ( 3 P) reacts predominantly by hydrogen abstraction, whereas with O ( 1 D), electrophilic addition and insertion reactions may be observed.
VUV photolysis has technical limitations
In the condensed aqueous phase, it has to be taken into account that • the high absorption cross-section of condensed aqueous systems is limiting penetration of VUV radiation (λ exc = 172 nm) to less than 70 µm, • the quantum yield of water homolysis (reaction (1)) is relatively high (Φ 172 = 0.42) (Heit et al., 1998) , • the short lifetime of hydroxyl radicals (< 1 µs) is limiting their widespread diffusion, • the relative high local permanent concentration of hydroxyl radicals with respect to the local pollutant concentration is leading to a practically quantitative oxidation of the substrate and is generating a high localized concentration of C-centred radicals (reaction (2)) to be trapped by molecular oxygen (reaction (3)), • the relative high concentration of hydrogen atoms is trapped by molecular oxygen (reaction (4)). Consequently, dissolved molecular oxygen is, in fact, depleted more rapidly within a volume defined by the radii of diffusion during the short lifetimes of radical intermediates generated by the primary reactions (1)-(4) than it can be supplied by diffusion from the non-irradiated bulk volume. For a photochemical reactor with negative irradiation geometry and equipped with a Xe-excimer radiation source of 200 W electrical power, oxygen depletion has been measured up to a distance of 500 µm from the surface of the radiation source (Heit and Braun, 1997) . The first step of the oxidation manifold is therefore severely restricted by the oxygen logistics, high local concentrations (in general > 400 ppm C) of organic substrate leading to only partial trapping of the generated C-centred radicals and, hence, to polymerization (filming ) at the surface of the radiation source.
In the gas phase, the heterogeneity between the radiated and non-radiated reactor volumes is less pronounced. Based on spectroscopic data, penetration of 172 nm radiation into a gas phase consisting of 100% water vapour is approximately 600 µm and 2.85 mm, when 100% dry O 2 is present (Gassiot Pintori, 2001 ). In addition, diffusion constants in the gas phase are by a factor of approximately 10 4 larger than in the condensed aqueous phase. It might therefore be expected that the VUV photochemically initiated oxidative degradation in the gas phase would be quite attractive for up-scaling and technical application.
AOP in the gas phase Example: oxidative degradation of tetrahydrofuran (THF) In an annular photochemical reactor equipped with a Xe-excimer radiation source of 1 m length and variable (100-1,000 W) electrical power, gaseous mixtures of variable concentrations of THF, H 2 O and O 2 in N 2 were irradiated in a continuous regime. Organic substrate and degradation intermediates as well as CO 2 were analyzed on-line by GC and IR, respectively, and off-line by GC/MS. Figure 1 shows two examples of the quantitative oxidation of THF during irradiation in a continuous regime, and also the re-appearance of THF in the on-line analytic system after the radiation source has been shut off.
Reactor optimization using artificial neural networks
For given sets of parameters concerning the concentrations of THF, H 2 O and O 2 in N 2 , time of irradiation under continuous regime, flux of the gaseous mixture, length and difference of radii of the annular reactor volume, kinetic curves of THF oxidation and mineralization were modeled using artificial neural networks. From these data, the extent of mineralization could be calculated as a function of the flux of the gaseous mixture and the geometric parameters of the reactor.
AOP in the condensed aqueous phase
Hg low pressure arcs emitting at 185 nm VUV photolysis of water at 185 nm seems promising for AOP applications, since the absorption cross-section of water is smaller in comparison to that at 172 nm, hence, allowing for a larger distance of penetration of the radiation. Consequently, problems of mass transfer due to the extreme heterogeneity encountered when exciting at shorter wavelengths are far less pronounced. However, actinometric studies revealed that in the present state of radiation source technology, Hg low pressure arcs contained in a synthetic quartz envelope emit at 185 nm with a radiant efficiency of only approx. 5% (Hashem Abdelkader, 1998) . This relative low radiant efficiency and the inflexibility of the fundamental design of such radiation sources are penalizing attempts at up-scaling and technical applications as shown below.
Xe excimer radiation sources as photochemical reactors
Small Xe-excimer radiation sources with an integrated reaction space designed for optimal conditions as far as incident photon flux density, turbulence and concentration of dissolved molecular oxygen are concerned have been built (Figure 2 ) and tested. A few ml of analytic samples were driven through the irradiated reaction space by both a peristaltic pump and intermittent injection of molecular oxygen. Under such continuous regime conditions, total mineralization as well as total organic chlorine to chloride transformation could be observed. As expected, the extent of mineralization depends for a given reactor on the electrical power applied to the radiation source. Further technical development aiming at the optimization of these systems in varying irradiation geometry and residence time is being carried out at present. In contrast to somewhat conflicting results concerning the extent of the organic chlorine to chloride conversion Baum und Oppenländer, 1995) , it has been shown that there is no evidence for the formation of oxyhalides (XO n -) during VUV photolysis of aqueous solutions containing halogenated organic substances (Wörner et al., 2000 ) , and experiments made with different designs and sizes of Xe excimer radiation sources and reactor combinations confirm the practically quantitative conversion of organically fixed chlorine to dissolved chloride ions. Under conditions where exhaustive oxidation and/or mineralization of pollutants in a continuous regime is reached, such reactors may therefore be used for sample pre-treatment modules prior to TOC, TOX and electrochemical trace metal analysis. Employing conditions of partial oxidation or mineralization, the same lamp/reactor combination may be used for prior functionalization purposes e.g. GC or HPLC analyses.
Combination of VUV photolysis and electrolysis of water
The extreme heterogeneity between the volume of primary reactions and the non-irradiated volume of the aqueous bulk solution concerning the measurable oxygen deficit in the first may be attenuated but not compensated by mechanical (Oppenländer et al., 1996) or hydrodynamic means (Heit and Braun, 1997) . At the present state of development, it may be concluded that the observed improvement of oxidation efficiency by these means was due to a somewhat enhanced exchange between the two volumes at increased turbulence. For a technical development aiming at: (i) larger fluxes of water to be treated; or (ii) at higher concentrations of pollutants to be degraded, the persistent lack of dissolved oxygen within the volume of the primary reactions must at least be compensated while improving the turbulence within the reactor.
Electrochemical oxygen production in or near the irradiated volume of VUV photolysis of aqueous reaction systems, where dissolved molecular oxygen is most rapidly consumed, was chosen for the technical development reported here. Spatial proximity was ensured by placing an anode for water electrolysis close to or into the layer irradiated by the Xeexcimer radiation source. In addition, small and almost mono-disperse bubbles of oxygen evolving at the electrode's surface may serve as additional gas buffer maintaining oxygen saturation and, at the same time, increase the turbulence within an approximately 500 µm thick layer when desorbing from the anode. Details of the VUV photochemical/electro-chemical reactor combination have already been published (Reid et al., 2001) . The first series of experiments using aqueous solutions of model substrates (e.g. phenol, benzoic acid, dichloroacetic acid, 2,4-dichlorophenol) yielded very satisfying results for both, substrate oxidation and mineralization. The combined treatment (photolysis (VUV) and electrolysis (EC)) showed improved rates of substrate degradation which were purely additive in the case of phenol and 2,4-dichlorophenol, but exceeded the calculated sum of the rates of separately performed treatment methods for dichloroacetic acid and benzoic acid. The latter results indicate that substrate diffusion into the irradiated reactor volume is in fact the rate determining step and that oxygen generation within that zone not only ensured optimal conditions for primary radical trapping but also increased mass transfer and mixing of the irradiated volume with the bulk phase by the evolving oxygen bubbles (Wörner et al., 2003) .
As far as the dehalogenation of halogenated (chlorinated) organic pollutants is concerned, the combined treatment method revealed higher rates of formation of chloride, and no significant oxidation of the released chloride at the anode was observed.
Conclusions
The technical potential of the VUV-photochemically initiated oxidative degradation of pollutants in the gas and in the condensed aqueous phases has been demonstrated with the results obtained from the oxidation and mineralization of a number of selected model compounds in the gas phase as well as with the results obtained with new photochemical reactors aiming at specific tasks of water photolysis. Degradation processes in the gas phase could be optimized for controlled concentrations of substrate, oxygen and water as well as for specific reactor parameters. For condensed aqueous phases, two separate development lines were followed in parallel: (i) the design and test of radiation source/reactor combinations for analytic purposes, with the aim of quantitative mineralization in a continuous operating regime; and (ii) the combination of VUV photolysis and electrolysis of aqueous systems, with anodically produced oxygen within or close the irradiated volume of the primary radical reactions of the oxidation and degradation manifold. The present state of development is demonstrated with a couple of test results. 
